INTRODUCTION
============

Group I intron-derived ribozymes, which are essentially exonless introns, have previously been shown to catalyze a variety of non-native reactions ([@B1],[@B2]). In one such reaction, termed *trans*-excision splicing (TES), an intron-derived ribozyme from *Pneumocystis carinii* catalyzes the excision of an internal segment from within an RNA substrate, resulting in the reattachment of the flanking regions ([Figure 1](#F1){ref-type="fig"}) ([@B3]). The TES reaction, which is similar to the self-splicing reaction, proceeds through two consecutive transesterification reactions: substrate cleavage followed by exon ligation ([Figure 1](#F1){ref-type="fig"}). In substrate cleavage, the *Pneumocystis* ribozyme (rPC) catalyzes the intramolecular cleavage of the TES substrate utilizing its 3′ terminal guanosine as an intramolecular nucleophile ([Figure 1](#F1){ref-type="fig"}) ([@B4]). In exon ligation, the newly created 3′ terminal uridine of the substrate catalyzes the reattachment of the flanking substrate regions, resulting in formation of the final TES product ([Figure 1](#F1){ref-type="fig"}). Figure 1.Diagram of the ribozyme-mediated trans-excision-splicing reaction. The *P. carinii* ribozyme is denoted in gray and the 5′- and 3′-exon sequences are denoted by black lines. The black square within the 5′-exon region represents a uridine and the gray circle adjacent to the 3′-exon region represents a guanosine. The bridge region to be excised is denoted as a dotted line. The P1 helix is formed through base-pairing of recognition element 1 (RE1) with the 5′-exon. The P10 helix is formed through base-pairing of recognition element 3 (RE3) with the 3′-exon. The first step (substrate cleavage) is catalyzed by G336 (open circle at 3′-end of ribozyme) resulting in the covalent attachment of the 3′-end of the substrate to the 3′-end of the ribozyme. The second step (exon ligation) proceeds through attack of the uridine upon the guanosine of the substrate, resulting in ligation of the flanking sequences.

Group I intron-derived ribozymes inherently contain all the structural elements required to catalyze the TES reaction. This suggests that group I intron-derived ribozymes other than *P. carinii* should be able to catalyze the TES reaction. If true, then the effectiveness of these 'similar but different' ribozymes would be useful to know for designing more effective TES ribozymes, as well as to understand intron activity in general. Therefore, intron-derived ribozymes from *Tetrahymena thermophila* and *Candida albicans* were constructed and tested for their ability to catalyze TES reactions, using as substrates their native 5′- and 3′-exon sequences ([Figure 2](#F2){ref-type="fig"}) ([@B5],[@B6]). Figure 2.Diagram of *P. carinii* (rPC), *T. thermophila* (rT-X) and *C. albicans* (rC) ribozyme constructs. The sequence of the *Pneumocystis* (**A**), *Tetrahymena* (**B**) and *Candida* (**C**) ribozyme constructs are shown in uppercase letters with their respective substrate shown in lowercase letters. Only the sequences that are involved with binding the individual substrates are shown, as well as the 3′-end of the ribozymes. Note that the remaining ribozyme sequences, represented with a line, are different for each of the constructs. The nucleotide to be excised (a guanosine) is circled for all three ribozyme constructs.

In this study, the *Tetrahymena* and *Candida* ribozymes were shown to catalyze the excision of a single nucleotide from within their ribozyme-specific substrates. Furthermore, like that for *Pneumocystis*, both ribozymes were shown to catalyze substrate cleavage through an intramolecular transesterification reaction mechanism. The overall yield of TES reactions, however, differed significantly between the individual ribozyme constructs (*Pneumocystis*, 68%; *Tetrahymena*, 47% and *Candida*, 50%). This variation appears at least partly due to both the *Tetrahymena* and *Candida* ribozymes producing high-molecular-weight cryptic products, whereas *Pneumocystis* produces only a single product. *Pneumocystis* also has a higher rate of reaction, which appears at least partially due to each ribozyme\'s ability to productively bind its 3′ terminal guanosine, to be used as an intramolecular nucleophile. Nevertheless, our results demonstrate that group I intron-derived ribozymes are inherently able to catalyze the TES reaction.

MATERIALS AND METHODS
=====================

Oligonucleotide synthesis and preparation
-----------------------------------------

DNA oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA, USA) and used without further purification. RNA oligonucleotides were obtained from Dharmacon Research, Inc. (Lafayette, CO, USA) and were deprotected using the manufacturer\'s suggested protocol. Concentrations of individual oligonucleotides were calculated from UV absorption measurements using a Beckman DU 650 spectrophotometer (Beckman Coulter Inc., Fullerton, CA, USA). RNA oligonucleotides were 5′-end radiolabeled by phosphorylation of the 5′-terminal hydroxyl group with (*γ*-^32^P) ATP (Amersham Pharmacia Biotech, Piscataway, NJ, USA) using T4 polynucleotide kinase (New England Biolabs, Beverly, MA, USA) as previously described ([@B7]). RNA oligonucleotides were 3′-end radiolabeled by ligation of radiolabeled pCp (5′-\*pCp) to the 3′-end of the RNA oligonucleotide using T4 RNA ligase (New England Biolabs), as previously described ([@B8]). Note that 3′-end radiolabeling results in substrates being 1 nt longer than 5′-end radiolabeled substrates.

Plasmid construction
--------------------

For these studies, two ribozyme constructs were created: pT-X, derived from the plasmid pT7L-21 ([@B5]) (kindly provided by Douglas H. Turner, University of Rochester, Rochester, NY, USA), which contains the *Tetrahymena* ribozyme ([@B5]); and pC ([@B6]), derived from the plasmid pC10/1x (kindly provided by Douglas H. Turner), which contains the *Candida* ribozyme ([@B6]). The individual ribozyme sequences were modified to include an RE3 sequence so that a P10 helix interaction would form ([Figure 2](#F2){ref-type="fig"}).

The plasmids, pT and pC, were synthesized by altering the parental plasmids, pT7L-21 and pC10/1x, via site-directed mutagenesis. This was done because the formation of the P10 helix interaction is important for the second reaction step of the TES reaction ([@B9],[@B10]). Note that the RE3 sequence added was native to each respective intron. The pT plasmid was created using a single round of site-directed mutagenesis using the primer pairs (underlined bases represent inserted nucleotides) 5′CGACTCACTATA[GACCTTT]{.ul}GGAGGGAAAAG3′ and 5′CTTTTCCCTCC[AAAGGTC]{.ul}TATAGTGAGTCG3′ for RE3 formation. The pC plasmid was created using a single round of site-directed mutagenesis using the primer pairs 5′CGACTCACTATA[GGTAAG]{.ul}GGAGGCAAAAGTAGGG3′ and 5′CCCTACTTTTGCCTCC[CTTACC]{.ul}TATAGTGAGTCG3′ for RE3 formation. Note that a guanosine was inserted at the 5′-end of each ribozyme construct to ensure efficient transcription by T7 RNA polymerase ([@B11]).

Additionally, an XbaI restriction site was inserted at the 3′-end of the ribozyme region in the pT plasmid, which creates a terminal guanosine required for the intramolecular transesterification reaction. This also makes the 3′-end of the *Tetrahymena* ribozyme the same as those of the *Candida* and *Pneumocystis* ribozymes ([@B6],[@B7]). The plasmid, pT-X, was created in two rounds using the following primer pairs (underlined bases represent changes to the 3′-end of the ribozyme) 5′GGAGTACTC[GAT]{.ul}AAGGTAGCCAAATGCC3′ and 5′GGCATTTGGCTACCTT[ATC]{.ul}GAGTACTCC3′ for the first round. The primer pairs 5′GGAGTACTC[TA]{.ul}GATAAGGTAGCCAAATGCC3′ and 5′GGCATTTGGCTACCTT[AT]{.ul}CTAGAGTACTCC3′ were used for the second round.

Each amplification reaction consisted of 22.5 pmol of each primer, 25 ng parental plasmid (pT7L-21, pT or pC10/1x), 2.5 U Pfu DNA polymerase (Stratagene, La Jolla, CA, USA) and 0.5 mM dNTPs (Invitrogen, Grand Island, NY, USA) in a buffer consisting of 10 mM KCl, 10 mM (NH~4~)~2~SO~4~, 20 mM Tris--HCl (pH 8.8), 2 mM MgSO~4~, 0.1% Triton X-100 and 0.1 mg/ml BSA (total reaction volume is 50 μl). After an initial denaturation step at 95°C for 30 s, the mixture was subjected to 20 cycles of 95°C for 30 s, 50°C for 2 min and 68°C for 6 min. Parental plasmid was then digested with 20 units DpnI (New England Biolabs) in 4.1 μl of the manufacturer\'s supplied buffer (10X NEBuffer 4) for 2 h at 37°C. A 3-μl-aliquot of this mixture was then used to transform *Escherichia coli* DH5α competent cells (Invitrogen). The plasmids were purified using a QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA) and were sequenced for confirmation (Davis Sequencing, Davis, CA, USA).

Ribozyme synthesis and purification
-----------------------------------

The *Pneumocystis* plasmid (PC), the *Tetrahymena* plasmid (pT-X), and the *Candida* plasmid (pC) were linearized in a 50 uL reaction consisting of 16 μg plasmid, 5 μL 10X REACT 2 buffer and 50 U XbaI (Invitrogen). The reactions were incubated at 37°C for 2 h, followed by plasmid purification with a QIAquick PCR purification kit (Qiagen). The resulting linearized plasmids were subjected to run-off transcription reactions in a 50 μl volume consisting of 1 μg DNA template, 50 U of T7 RNA polymerase (New England Biolabs), 40 mM Tris--HCl (pH 7.5), 10 mM MgCl~2~, 5 mM DTT, 5 mM spermidine and 1 mM rNTP mix. The reactions were incubated at 37°C for 2 h, at which time each ribozyme construct was purified using a Qiagen Plasmid Midi Kit (Qiagen), as previously described ([@B3]). Concentrations of individual ribozymes were calculated from UV absorption measurements using a Beckman DU 650 spectrophotometer (Beckman Coulter Inc.) using the extinction coefficient of 3.5 × 10^6^/M/cm for the *Pneumocystis* (rPC) ribozyme ([@B7]), 3.2 × 10^6^/M/cm for the *Tetrahymena* (rT-X) ribozyme ([@B5]) and 3.72 × 10^6^/M/cm for the *Candida* (rC) ribozyme ([@B6]).

TES reactions
-------------

Reactions were performed at 44°C in buffer consisting of 50 mM Hepes (25 mM Na^+^), 135 mM KCl and various concentrations of MgCl~2~. TES reactions were optimized for magnesium concentration (0--35 mM MgCl~2~), ribozyme concentration (0--500 nM) and time (1--45 min). In each case, TES reaction conditions were optimized to give the greatest TES product yield. Briefly, a ribozyme solution lacking substrate in HXMg buffer was preannealed at 60°C for 5 min and then slow cooled to 44°C. Reactions were initiated by the addition of 1 μl of 8 nM 5′-end radiolabeled substrate (10 mer, 5′AUGACU*G*CUC3′ for rPC; 13 mer, 5′CUCUCU*G*AAAGGU3′ for rT-X; or 11 mer, 5′GACUCU*G*CUUA3′ for rC). Note that the italic lettering in the substrates represent the nucleotide to be excised. The final concentration of the substrates in the reaction mixtures were 1.3 nM.

To distinguish between possible substrate cleavage mechanisms, 3′-end radiolabeled substrates were employed at the same concentrations stated above. Reactions were conducted at 44°C for the optimized amount of time and stopped by adding an equal volume of stop buffer (10 M urea, 3 mM EDTA and 0.1X TBE). Reactions were denatured for 1 min at 90°C and substrates, intermediates and products were separated on a 12% polyacrylamide/8 M urea gel. The gel was transferred onto chromatography paper (Whatman 3MM CHR) and dried under vacuum. The bands were visualized and quantified on a Molecular Dynamics Storm 860 Phosphorimager.

Kinetic studies
---------------

The observed rate constants (*k*~obs~) for the individual steps of the TES reaction were obtained under single-turnover 'ribozyme excess' conditions. In these experiments, 35 μl of ribozyme in HXMg buffer (identified in the figure legends) was preannealed at 60°C for 5 min and slow-cooled to 44°C. The reactions were initiated by the addition of 7 μl of 8 nM 5′-end radiolabeled substrate, bringing the final concentrations to 1.3 nM substrate and 100 nM (for rPC), 166 nM (for rT-X) or 75 nM (for rC) ribozyme. Three microliters aliquots were periodically removed and added to an equal volume of stop buffer. The reactants and products were separated on a 12% polyacrylamide/8 M urea gel, and the gel was dried under vacuum. The resulting bands were visualized and quantified as described above. The observed rate constants for the substrate cleavage step and for exon ligation were quantified as previously described ([@B3]).

RT--PCR amplification of high--molecular-weight products
--------------------------------------------------------

TES reactions were conducted under optimized reaction conditions using a 29-mer substrate (5′ACUAUGACUCUCUCU*G*AAAGGUAGCCAAAUG3′) for rT-X and a 28 mer (5′ACUAUGACUCU*G*CUUACUAUCAUCUAUC3′) for rC. The reaction intermediates were RT--PCR amplified using an Access RT--PCR kit (Promega, Madison, WI, USA) with primers 5′GGAGGACCGGTACTATGACTCTC3′ and 5′AGTTCGAAGGCATTTGGCTACC3′ for rT-X and 5′GCACAGGTTCGAACATACTATGACTC3′ and 5′GCTGGAACCGGTGATAGATGATAG3′ for rC. Optimal amplifications occurred in a total reaction volume of 50 μl containing 2 μl TES reaction (166 nM rT-X or 75 nM rC ribozyme), 1 mM MgSO~4~, 45 pmol of each primer, 0.2 mM dNTPs, 5 U AMV reverse transcriptase and 5 U Tfl DNA polymerase. First-strand synthesis occurred at 45°C for 45 min, followed by 2 min at 94°C for deactivation of the AMV reverse transcriptase. The reactions were then subjected to 40 PCR cycles consisting of 94°C for 30 s, 55°C for 60 s and 68°C for 120 s (10 min for the final cycle). RT--PCR products were separated on a 2% agarose gel and excised from the gel matrix using the QIAquick Gel Extraction Kit (Qiagen). The excised products were ligated into a pDrive cloning vector (Qiagen) using the manufacturer\'s recommended protocol and transformed into DH5α cells (Invitrogen). Colonies were picked and sequenced for identification (Davis Sequencing).

Inhibition studies using exogenous guanosine
--------------------------------------------

TES reactions were conducted at 44°C in HXMg buffer with various concentrations of rGTP (0--10 mM). Briefly, a ribozyme solution lacking substrate in HXMg buffer was preannealed at 60°C for 5 min with X mM rGTP. Reactions were then slow cooled to 44°C and initiated by the addition of 1 μl of 8 nM 5′-end radiolabeled substrate, bringing the final concentrations to 1.3 nM substrate and 100 nM (for rPC), 166 nM (for rT-X) or 75 nM (for rC) ribozyme. TES reactions were conducted under the optimal time for each ribozyme; 30 min (for rPC), 45 min (for rT-X) and 30 min (for rC). Reactions were denatured for 1 min at 90°C and were separated on a 12% polyacrylamide/8 M urea gel. The gel was transferred onto chromatography paper (Whatman 3MM CHR) and dried under vacuum. The bands were visualized and quantified on a Molecular Dynamics Storm 860 Phosphorimager.

RESULTS
=======

To simplify the comparison of the individual ribozyme constructs, the simplest TES model test system was utilized, where a single nucleotide is excised from within their ribozyme-specific substrates. For these studies, the previously constructed *Tetrahymena* and *Candida* ribozymes were modified in two ways ([Figure 2](#F2){ref-type="fig"}). First, the initial ribozyme constructs lacked the nucleotides required to form the P10 helix (RE3), and so an RE3 region (native to the ribozyme) was added. As seen for the *Pneumocystis* ribozyme, P10 helix formation has been shown to aid in binding the 3′-exon region of TES substrates ([@B9],[@B10]). Second, the 3′-end of each ribozyme sequence was modified to include the addition of a terminal guanosine, (which is found naturally) as it is required as the intramolecular nucleophile in the substrate-cleavage reaction ([@B4]).

TES reactions
-------------

For the *Pneumocystis* ribozyme (rPC), the TES reaction using the previously characterized *Pneumocystis* ribozyme ([@B3]) was run ([Figure 2](#F2){ref-type="fig"}). TES reactions conducted with 5′-end radiolabeled substrate (5′AUGACU*G*CUC3′, the nucleotide in italics is to be excised) resulted in the expected 9-mer product (5′AUGACUCUC3′) and 6-mer intermediate (5′AUGACU3′) ([Figure 3](#F3){ref-type="fig"}A, lanes G--H). TES reaction conditions were optimized for magnesium concentration, time and ribozyme concentration for maximum TES product yields ([Figure 3](#F3){ref-type="fig"}B). Optimized TES reaction conditions resulted in 68.5 ± 4.4% TES product yield, with an observed rate constant, *k*~obs~, of 5.0 ± 1.1/min for substrate cleavage and 3.2 ± 0.1/min for exon ligation. Note, optimized TES reactions conditions are compiled in [Table 1](#T1){ref-type="table"}. Figure 3.TES reactions conducted with the *P. carinii* (rPC) ribozyme. (**A**) Polyacrylamide gel of TES reactions using either 5′ or 3′-end radiolabeled substrates. Reactions were conducted using 100 nM rPC, H0Mg (−) or H15Mg (+) buffer for 30 min at 44°C. Lanes A, C and E contain 5′-end labeled size controls, respectively. Lanes B, D and F contain 3′-end radiolabeled size controls, respectively. Note that the 3′-end labeled size controls are one nucleotide larger than 5′-end labeled size controls. Lanes G--J contain the rPC ribozyme with 5′-end radiolabeled (lanes G and H) or 3′-end radiolabeled (lanes I and J) substrate. (**B**) Graphs of TES reactions using 5′-end radiolabeled substrate. All reactions were conducted as above except for the changing variable. (**C**) Graph of exogenous guanosine concentration dependence for TES reactions. All data points represent the average of at least two independent reactions with standard deviations typically below 10%. For all graphs, the TES product is represented by filled circles and the substrate cleavage product is represented as open circles. Table 1.Optimized TES reaction conditions, product yields and reaction ratesOptimized TES reactions conditions[^a^](#TF1){ref-type="table-fn"}TES product yield and observed rate constants for substrate cleavage and exon ligation reactions[^b^](#TF2){ref-type="table-fn"}RibozymeMgCl~2~ (mM)Time (min)Ribozyme (nM)TES product (%)Substrate cleavage (*k*~obs~/min)Exon ligation (*k*~obs~/min)*Pneumocystis*153010068.5 ± 4.45.0 ± 1.13.2 ± 0.1*Tetrahymena*104516647.5 ± 0.180.17 ± 0.050.14 ± 0.02*Candida*25307550.0 ± 1.50.31 ± 0.010.34 ± 0.03[^1][^2]

For the *Tetrahymena* ribozyme (rT-X), TES reactions conducted with 5′-end radiolabeled substrate (5′CUCUCU*G*AAAGGU3′, the nucleotide in italics is to be excised) resulted in the predicted 12-mer product (5′CUCUCUAAAGGU3′) and 6-mer intermediate (5′CUCUCU3′) ([Figure 4](#F4){ref-type="fig"}A, lanes G and H). Additionally, a high molecular weight product band was observed, which likely reduces the yield of the TES product. This product was found to be due to ribozyme-mediated reverse splicing (see following section) ([@B12],[@B13]). Nevertheless, optimized TES reactions resulted in 47.5 ± 0.2% TES product yield ([Figure 4](#F4){ref-type="fig"}B), with an observed rate constant, *k*~obs~, of 0.17 ± 0.05/min for substrate cleavage and 0.14 ± 0.02/min for exon ligation ([Table 1](#T1){ref-type="table"}). Figure 4.TES reactions conducted with the *T. thermophila* (rT-X) ribozyme. (**A**) Polyacrylamide gel of TES reactions using either 5′ or 3′-end radiolabeled substrates. Reactions were conducted using 166 nM rT-X, H0Mg (−) or H10Mg (+) buffer, for 45 min at 44°C. Lanes A, C and F contain 5′-end radiolabeled size controls, respectively. Lanes B, D and E contain 3′-end radiolabeled size controls, respectively. Note that the 3′-end radiolabeled size controls are one nucleotide larger than 5′-end radiolabeled size controls. Lanes G--J contain the normal rT-X ribozyme with 5′-end radiolabeled (lanes G and H) or 3′-end radiolabeled (lanes I and J) substrate. (**B**) Graphs of TES reactions using 5′-end radiolabeled substrate. All reactions were conducted as above except for the changing variable. (**C**) Graph of rGTP concentration dependence for TES reactions conducted with the rT-X ribozyme. All data points represent the average of at least two independent reactions with standard deviations typically below 10%. Note for all graphs, the TES product is represented by filled triangles and the substrate cleavage product is represented as open triangles.

For the *Candida* ribozyme (rC), TES reactions conducted with 5′-end radiolabeled substrate (5′GACUCU*G*CUUA3′, the nucleotide in italics is to be excised) resulted in the predicted 10-mer product (5′GACUCUCUUA3′) and 6-mer intermediate (5′GACUCU3′) ([Figure 5](#F5){ref-type="fig"}A, lanes G and H). Similar to the *Tetrahymena* ribozyme, an additional high-molecular-weight product band was observed, which likely reduces the yield of TES product. Similar to the *Tetrahymena* ribozyme, the high molecular weight product band was found to be due to ribozyme-mediated reverse splicing (see following section) ([@B12],[@B13]). Optimized TES reactions conditions resulted in 50 ± 1.3% TES product yield ([Figure 5](#F5){ref-type="fig"}B), with an observed rate constant, *k*~obs~, of 0.31 ± 0.01/min for substrate cleavage reaction and 0.34 ± 0.03/min for exon ligation ([Table 1](#T1){ref-type="table"}). In conclusion, these results demonstrate that the *Tetrahymena* and *Candida* ribozymes can catalyze the excision of a single nucleotide from within their ribozyme-specific substrates through the TES reaction. Figure 5.TES reactions conducted with the *C. albicans* (rC) ribozyme. (**A**) Polyacrylamide gel of TES reactions using both 5′ and 3′-end radiolabeled substrates. Reactions were conducted using 75 nM rC, H0Mg (−) or H25Mg (+) buffer, for 30 min at 44°C. Lanes A, C and E contain 5′-end radiolabeled size controls, respectively. Lanes B, D and F contain 3′-end radiolabeled size controls, respectively. Note that the 3′-end radiolabeled size controls are one nucleotide larger than 5′-end radiolabeled size controls. Lanes G--J contain the normal rC ribozyme with 5′-end radiolabeled (lanes G and H) or 3′-end radiolabeled (lanes I and J) substrate. (**B**) Graphs of TES reactions using 5′-end radiolabeled substrate. All reactions were conducted as above except for the changing variable. (**C**) Graph of rGTP concentration dependence for TES reactions conducted with the rC ribozyme. All data points represent the average of at least two independent reactions, with standard deviations typically below 10%. Note for all graphs, the TES product is represented by filled triangles and the substrate cleavage product is represented as open triangles.

Sequence identification of high molecular weight products
---------------------------------------------------------

RT--PCR was employed to isolate and subsequently sequence the reverse-splicing ribozyme product. If the reverse-splicing reaction is occurring, we expect to see the ribozyme become embedded between the 5′- and 3′-exon regions of the substrate. For these studies, a 29-mer substrate (rT-X, 5′ACUAUGACUCUCUCU*G*AAAGGUAGCCAAAUG3′) and a 28-mer substrate (rC, 5′ACUAUGACUCU*G*CUUACUAUCAUCUAUC3′) were used as the predicted reverse-splicing product could be more easily RT--PCR amplified using these larger substrates. Therefore, if the reverse-splicing reaction is occurring, both the 5′-exon region (5′ACUAUGACUCUCUCU3′ for rT-X or 5′ACUAUGACUCU3′ for rC) and 3′-exon region of the substrate (5′*G*AAAGGUAGCCAAAUG3′ for rT-X or 5′*G*CUUACUAUCAUCUAUC3′ for rC) will become covalently attached to the 5′- and 3′-ends of the ribozyme. Our results from sequencing the reaction products (data not shown) show that the expected reverse-splicing product is produced whereby the ribozyme becomes embedded within the 5′- and 3′-exon regions of the substrate.

The mechanism of the substrate cleavage reaction
------------------------------------------------

In the absence of an exogenous guanosine cofactor, the substrate cleavage reaction could possibly be catalyzed through two distinct reaction mechanisms. These include ribozyme-mediated hydrolysis ([@B6],[@B14; @B15; @B16]) and intramolecular transesterification ([@B4],[@B6],[@B12],[@B13],[@B17; @B18; @B19; @B20; @B21; @B22; @B23; @B24; @B25]). For the *Pneumocystis* ribozyme, the intramolecular transesterification reaction predominates, with the 3′ terminal guanosine as the nucleophile ([@B4]). Given that the *Tetrahymena* and *Candida* ribozyme constructs were also synthesized with 3′ terminal guanosines, it is likely that each of these constructs will catalyze their substrate cleavage reactions predominately through intramolecular transesterification. The two substrate cleavage reaction mechanisms can be distinguished by utilizing 3′-end radiolabeled substrates ([@B4]), as the size of the TES reaction intermediates and products will differ according to the mechanism.

For the *Tetrahymena* ribozyme, TES reactions were conducted with 3′-end labeled substrate, (5′CUCUCU*G*AAAGGU[C]{.ul}3′, underlined nucleotide added during the 3′-end labeling procedure), which resulted in the predicted 13-mer product (5′CUCUCUAAAGGU[C]{.ul}3′), as well as a higher-molecular-weight product band ([Figure 4](#F4){ref-type="fig"}A, lanes I and J). This high-molecular-weight band is potentially due to the 3′-end radiolabeled 3′-exon region of the substrate becoming covalently attached to the 3′-end of the ribozyme through intramolecular transesterification via ribozyme-mediated reverse splicing. That both the substrate cleavage step of TES and reverse splicing are catalyzed through intramolecular transesterification complicates delineation of the reaction mechanism through identification of the high-molecular-weight product band. Nevertheless, the absence of the predicted hydrolysis product (5′GAAAGGUC3′) suggests that the *Tetrahymena* ribozyme undergoes intramolecular transesterification.

For the *Candida* ribozyme, TES reactions were conducted using 3′-end radiolabeled substrate, (5′GACUCU*G*CUUA[C]{.ul}3′, underlined nucleotide added during the 3′-end labeling procedure), which resulted in the predicted 11-mer product (5′GACUCUCUUA[C]{.ul}3′), as well as a high-molecular-weight product band ([Figure 5](#F5){ref-type="fig"}A, lanes I and J). Similar to the *Tetrahymena* ribozyme, the absence of the predicted hydrolysis product (6 mer, 5′GCUUAC3′) suggests that the *Candida* ribozyme catalyzes substrate cleavage through intramolecular transesterification.

As a control, TES reactions were conducted with the *Pneumocystis* ribozyme using 3′-end labeled substrate (5′AUGACU*G*CUC[C]{.ul}3′, underlined nucleotide is due to 3′-end labeling procedure). TES reactions resulted in the expected 12-mer product (5′AUGACUCUC[C]{.ul}3′) and the expected high-molecular-weight product band ([Figure 3](#F3){ref-type="fig"}A, lanes I and J) produced in the intramolecular transesterification reaction.

Exogenous guanosine inhibits the TES reaction
---------------------------------------------

The *Pneumocystis* ribozyme catalyzes the substrate cleavage reaction ∼20-fold faster than either the *Tetrahymena* or *Candida* ribozyme ([Table 1](#T1){ref-type="table"}). This observed decrease in rate for *Tetrahymena* and *Candida* could be directly related to the ribozymes ability to utilize their 3′ terminal guanosines for substrate cleavage. For a previously described *Tetrahymena* ribozyme ([@B24]), competition assays using exogenous guanosine were used as a probe for the ribozymes ability to productively bind their terminal guanosine. Using a similar strategy, inhibition of TES product formation could be directly correlated to the ribozymes ability to effectively bind its terminal guanosine into the guanosine-binding site (GBS).

For the *Pneumocystis* ribozyme, TES reactions were conducted with increasing concentrations of rGTP under optimal TES reaction conditions ([Table 1](#T1){ref-type="table"}). The results demonstrate that TES product formation is not completely hindered (∼93% hindrance) until an excessively high concentration of rGTP (10 mM) is added ([Figure 3](#F3){ref-type="fig"}C). This indicates that the rPC binds its terminal guanosine much more effectively than the added exogenous guanosine. For the *Tetrahymena* ribozyme, TES reactions resulted in complete inhibition of TES product formation at much lower rGTP concentrations (0.02 mM, ∼91% hindrance) ([Figure 4](#F4){ref-type="fig"}C). In the case of the *Candida* ribozyme, TES reactions demonstrate that lower concentrations of rGTP (0.05 mM, ∼93% hindrance) are also effective at completely hindering TES product formation ([Figure 5](#F5){ref-type="fig"}C). These results suggest that the *Pneumocystis* ribozyme binds its terminal guanosine (G336), via the GBS, more effectively than that for the *Tetrahymena* (G416) and *Candida* (G374) ribozymes.

DISCUSSION
==========

In this report, group I intron-derived ribozymes from *Tetrahymena* and *Candida* were shown to be capable of catalyzing the excision of internal segments (in this case a single nucleotide) from within their native 5′- and 3′-exon sequences. Furthermore, the *Tetrahymena* and *Candida* ribozyme constructs were shown to catalyze the substrate cleavage reaction step through an intramolecular transesterification mechanism, using their 3′ terminal guanosines as nucleophiles. Moreover, both the *Tetrahymena* and *Candida* ribozymes were shown to catalyze ribozyme-mediated reverse-splicing reaction, which was not seen for the *Pneumocystis* ribozyme. Lastly, this is the first report that group I intron-derived ribozymes other than *Pneumocystis* can catalyze the excision of an internal segment from RNA transcripts via the TES reaction.

The Tetrahymena ribozyme
------------------------

The *Tetrahymena* and *Pneumocystis* ribozymes catalyze the individual steps of the TES reaction under similar optimized magnesium, time and ribozyme conditions ([Table 1](#T1){ref-type="table"}). The results, however, show that the *Tetrahymena* ribozyme catalyzes the individual steps of the TES reaction with lower yields (47.5 ± 0.18% versus 68 ± 4.4%) than the *Pneumocystis* ribozyme. Furthermore, the *Pneumocystis* ribozyme catalyzes substrate cleavage ∼30-fold faster than the *Tetrahymena* ribozyme ([Table 1](#T1){ref-type="table"}). In addition, the *Pneumocystis* ribozyme catalyzes exon ligation ∼20-fold faster than the *Tetrahymena* ribozyme.

The decrease in yield of the *Tetrahymena* ribozyme may be due, at least in part, to its catalysis of reactions other than TES. Previously characterized *Tetrahymena* ribozymes ([@B12],[@B13]), which resemble our *Tetrahymena* ribozyme construct, can catalyze intramolecular transesterification reactions other than that which occurs in TES, including reverse splicing ([@B12],[@B13]). For the reverse-splicing reaction, the ribozyme becomes embedded between the 5′- and 3′-exon regions of its RNA substrate. For the *Tetrahymena* ribozyme, a high-molecular-weight product band is produced for TES reactions conducted with 5′-end labeled substrates (Figure 5.4A, lane H). This product band was not observed for TES reactions conducted with the *Pneumocystis* ribozyme, which has allowed an in-depth kinetic analysis of the *Pneumocystis* substrate cleavage step ([@B26]). This high-molecular-weight product band was shown to be the result of ribozyme-mediated reverse splicing ([@B12],[@B13]). That two competing reactions (TES and reverse splicing) are simultaneously occurring could explain the lower efficiency of the *Tetrahymena* ribozyme reactions.

The decrease in rates of the *Tetrahymena* ribozyme may be due to its ability to utilize its 3′ terminal guanosine as a first-reaction step nucleophile. From the competition studies it appears that the 3′ terminal guanosine of the *Pneumocystis* ribozyme is more effectively bound (relative to *Tetrahymena* and *Candida*) into the GBS of the ribozyme ([@B4]) prior to the substrate cleavage step. One reason for this could be that, as seen for similar intramolecular transesterification reactions, the terminal guanosine is predicted to be aligned into the GBS through helix P9.0 ([@B24]). However, the *Tetrahymena* and *Candida* constructs in this report are not readily able to form simple P9.0 helices. This could be contributing toward the lower binding of the 3′ terminal guanosine and consequently slower rates for *Tetrahymena* and *Candida*. Altering the *Tetrahymena* and *Candida* ribozymes to resemble their native introns 3′-ends could enhance their ability to effectively utilize their terminal guanosines as intramolecular nucleophiles. Nevertheless, our results demonstrate that all three constructs, in their current incarnations, effectively catalyze the TES reaction.

A previously characterized *Tetrahymena* ribozyme that lacks both the 5′- and 3′-exon sequences and the RE1 and RE3 sequences is capable of catalyzing a TES-like reaction ([@B27]). This highly truncated *Tetrahymena* ribozyme was shown to be capable of binding pseudoknot structures *in trans* resulting in the formation of P1 and P10 helices. Unlike the TES reaction, high magnesium concentrations (10--100 mM), high temperatures (55--65°C) and an exogenous guanosine cofactor are required ([@B27]). For our studies, the individual ribozymes catalyze the TES reaction in the absence of a guanosine cofactor and require lower magnesium concentrations (10--25 mM) and temperature (44°C).

The Candida ribozyme
--------------------

The *Candida* and *Pneumocystis* ribozymes catalyze the individual steps of the TES reaction under similar optimized time and ribozyme conditions ([Table 1](#T1){ref-type="table"}). For the *Candida* ribozyme, however, higher magnesium concentrations are required for optimal TES reactivity. Similar to the *Tetrahymena* ribozyme, the *Candida* ribozyme was observed to catalyze the individual steps of the TES reaction with lower yields (50.0 ± 1.5% versus 68 ± 4.4%) than the *Pneumocystis* ribozyme. Moreover, the *Candida* ribozyme catalyzes substrate cleavage ∼15-fold slower than the *Pneumocystis* ribozyme ([Table 1](#T1){ref-type="table"}). In addition, the *Candida* ribozyme catalyzes exon ligation ∼10-fold slower than the *Candida* ribozyme.

The decrease in yield of the *Candida* ribozyme could be due to the catalysis of a competing reaction, which produces a high-molecular-weight product band for TES reactions conducted with 5′-end radiolabeled substrates (Figure 5.5A, lane H). This high-molecular-weight product band was shown to be the result of ribozyme-mediated reverse splicing ([@B12],[@B13]). That both the TES and reverse-splicing reaction are simultaneously occurring could explain the lower yield of the *Candida* ribozyme reactions. As mentioned for the *Tetrahymena* ribozyme, the decrease in rates of the *Candida* ribozyme could partially be due to the ribozyme\'s ability to effectively utilize its 3′ terminal guanosine as an intramolecular nucleophile.

CONCLUSIONS
===========

Our results demonstrate that group I intron-derived ribozymes, other than *Pneumocystis*, are inherently capable of catalyzing the TES reaction. Both the *Tetrahymena* and *Candida* ribozymes catalyzed the excision of a single nucleotide from within their ribozyme-specific substrates through the TES reaction mechanism. The *Pneumocystis* ribozyme, however, demonstrated both higher TES product yields and rates compared to the *Tetrahymena* and *Candida* ribozymes. For the *Tetrahymena* and *Candida* ribozymes, additional cryptic products, including ribozyme-mediated reverse-splicing products were produced. It also appears that the *Pneumocystis* ribozyme binds its terminal guanosine more effectively than the *Tetrahymena* and *Candida* ribozymes. At this stage, it appears that the *Pneumocystis* ribozyme is the best choice for future TES applications in that it produces higher yields, rates and only a single product. Nevertheless, our results demonstrate that group I introns are multifaceted catalysts.
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[^1]: ^a^TES reactions were optimized with regard to magnesium concentration, time and ribozyme concentration for maximum TES product yields.

[^2]: ^b^The observed rate constants, *k*~obs~, were obtained for the substrate cleavage and exon-ligation reactions under single turnover conditions. Note that ribozyme and substrate sequences are different between the ribozyme constructs.
